Introduction {#sec1}
============

Lung cancer, a global public health problem, has been identified as the leading cause of cancer-associated death both in men and women.[@bib1] According to a report depicted by Cancer Statistics, there will be 246,440 estimated new lung cancer cases in the United States in 2019, accounting for 13% of all newly diagnosed cancer patients.[@bib2] Meanwhile, the estimated number of lung cancer deaths is 142,670, which is much higher than the number of prostate cancer and breast cancer, making it the most life-threatening cancer in human beings.[@bib2] Based on cancer registry data in 2014, Chen and colleagues[@bib3] indicated that about 78.2 new lung cancer cases were diagnosed in every 1 million Chinese people, and a total of 626,000 patients died of lung cancer in 2014. The latest report from the GLOBOCAN concerning the incidence and mortality of lung cancer showed that the developing countries faced more severe conditions than the developed countries.[@bib4]

For the etiology of lung cancer, epidemiological studies revealed that smoking, alcohol, genetic factors, environmental air pollution, diet, and obesity contributed to the pathogenesis of lung cancer.[@bib5], [@bib6], [@bib7] Available studies have confirmed the relationship between lung cancer and tobacco smoking.[@bib8], [@bib9], [@bib10] Specially, other types of smoking, such as secondhand smoking, cigar smoking, and pipe smoking, have also been associated with lung cancer.[@bib11], [@bib12], [@bib13], [@bib14] Moreover, Yoshida and colleagues[@bib15] demonstrated that a family history of cancer increased the susceptibility to lung cancer by 1.72 after adjusting for age, gender, history of smoking, and dust exposure. Fortunately, immunotherapy has made great progress in lung cancer treatment.[@bib16] Thus, a deep investigation into the mechanism of lung cancer may provide new therapeutic targets for lung cancer.

MicroRNAs (miRNAs), a subset of endogenously initiated non-coding RNAs with roughly 19--24 nt in length, could post-transcriptionally repress gene expression through mRNA degradation, and it is generally believed that miRNAs play dominant roles in the maintenance of nearly all physiological activities, including growth and development, learning, memory, as well as tumorigenesis.[@bib17], [@bib18] A growing number of studies have demonstrated that miRNAs were tightly associated with lung cancer, while dysregulation of miRNAs led to the proliferation, migration, and invasion of lung cancer cells.[@bib19] Profiling of miRNAs in lung cancer revealed that a high expression of hsa-mir-155 corresponded to poor survival of lung cancer, which was proposed as a potential diagnostic and prognostic biomarker of lung cancer.[@bib20] Moreover, the expression of a certain number of miRNAs, including miR-146a-5p, miR-324-5p, miR-223-3p, and miR-223-5p, was detected to be altered in the cytologically normal bronchial epithelium of smokers with lung cancer, which may serve as potential targets for the treatment of lung cancer.[@bib21]

Let-7 families are a group of well-studied miRNAs in many diseases, among which downregulation of let-7a-2 was associated with the poor survival of lung cancer, and let-7 was also found to inhibit the growth of multiple human lung cancer cell lines *in vitro*, as well as the growth of lung cancer xenografts *in vivo*.[@bib22] Li et al.[@bib23] reported that hyperoside and let-7a-5p synergistically repressed lung cancer cell proliferation via inducing G1/S phase arrest. Alternatively, it is suggested that let-7a-5p, as exosomal cargo, could be transported intercellularly and contribute to the migration and invasion of pulmonary cells.[@bib24] Therefore, it is essential to deeply investigate the role of let-7a-5p in the pathogenesis of lung cancer. Our previous studies revealed that let-7a-5p could target BCL-xL, IGF1R, mitogen-activated protein kinase (MAPK), and FAS and repress their expression, which might affect the autophagy and apoptosis of lung cancer cells.[@bib25] However, the putative regulatory mechanism of let-7a-5p in lung cancer has not been validated.

The role of autophagy in lung cancer is drawing more and more attention, while the activation and regulation of autophagy in lung cancer is unclear. Autophagy is a lysosome-dependent cellular degradation pathway that is essential for cell survival, differentiation, development, and homeostasis, which serves an adaptive role in protecting organisms against various damages, including cancer, aging, and cardiovascular diseases.[@bib26] Nonetheless, there are also studies indicating the harmful effect of autophagy in metabolisms. It is reported that autophagy suppresses tumor growth at the early stage of lung cancer but protects cancer cells from the immune system defense mechanisms.[@bib27] Mechanistically, it is widely accepted that the pro-survival BCL2 families could block apoptosis and autophagy by directly binding to BECN1/Beclin1,[@bib28] and the complex of VDAC2-BECN1-BCL-xL is further proved to suppress autophagy in ovary development in mammals;[@bib29] but, the role of let-7a-5p in BCL-xL-mediated autophagy is seldom investigated.

In this study, we identified the regulatory mechanism of let-7a-5p in lung cancer and demonstrated the role of autophagy in the proliferation, migration, and invasion of A549 lung cancer cells. Utilizing the genome-wide expression profiles of lung cancer in The Cancer Genome Atlas (TCGA) database, we explored the effect of let-7a-5p and BCL-xL on the survival of lung cancer patients. The crosstalk between let-7a-5p and BCL-xL was also investigated using dual-luciferase reporter assay, and the survival of A549 lung cancer cells under different expression levels of let-7a-5p/BCL-xL was checked using flow cytometry. The target genes at the downstream of the BCL-xL-mediated PI3K-signaling pathway were examined, and the morphological characteristics of A549 lung cancer cells were observed by a transmission electron microscope. Our research provides the basis for the mechanism study of lung cancer, and it highlights an immensely important role of autophagy in the treatment of lung cancer.

Results {#sec2}
=======

Characterization of BCL-xL and let-7a-5p in Lung Cancer {#sec2.1}
-------------------------------------------------------

A total of 969 lung cancer patients was recruited in this study; 483 of 969 lung cancer patients were diagnosed with lung adenocarcinoma, and 486 of 969 lung cancer patients were diagnosed with lung squamous cell carcinoma, among whom 59 patients with lung adenocarcinoma and 50 patients with lung squamous cell carcinoma simultaneously provided samples for BCL-xL and let-7a-5p profiling as control. The demographic details could be referred to TCGA database available online at <https://portal.gdc.cancer.gov/>. The genome-wide expression data were transformed with the algorithm of log2(transcript per million \[TPM\] + 1) and then evaluated using boxplot for homogeneity. As shown in [Figures 1](#fig1){ref-type="fig"}A--1D, the expressions of BCL-xL and let-7a-5p were compared between lung cancer and healthy control. The expression of BCL-xL was found significantly lower in lung adenocarcinoma, but it was found to be similarly expressed in lung squamous cell carcinoma. The expression of let-7a-5p decreased in both lung adenocarcinoma and lung squamous cell carcinoma.Figure 1Expression, Correlation, and Survival Effect of BCL-xL/let-7a-5p in Lung Cancer(A--D) Expressions of BCL-xL and let-7a-5p in lung adenocarcinoma and lung squamous cell carcinoma. Comparing with the control group, BCL-xL was downregulated in lung adenocarcinoma, and let-7a-5p was downregulated in both lung adenocarcinoma and lung squmous carcinoma. All data were deposited in TCGA and normalized by the algorithm of log2(transcript per million + 1) before comparison. \*p \< 0.05 (pooled t test). (E--H) Kaplan-Meier survival analysis of BCL-xL and let-7a-5p in lung adenocarcinoma and lung squamous cell carcinoma, the hazard ratio between different expression levels of BCL-xL/let-7a-5p was calculated. (I and J) Correlation between BCL-xL and let-7a-5p in lung adenocarcinoma and lung squamous cell carcinoma. The prediction ellipses in red and blue included 70% and 80% samples, respectively. \*p \< 0.05 (Pearson correlation test).

Accompanying the follow-up data of the 969 candidates, we explored the association of BCL-xL and let-7a-5p with the survival of lung cancer. Using the Kaplan-Meier survival analysis, we compared two patient cohorts and calculated the hazard ratio (HR) with 95% confidence intervals (95% CIs) and log-rank p value, as shown in [Figures 1](#fig1){ref-type="fig"}E--1H. We found that the high expression of BCL-xL adversely affected the survival of lung adenocarcinoma (HR = 1.6, p = 0.024), but dysregulation of BCL-xL did not alter the survival of lung squamous cell carcinoma (HR = 1.4, p = 0.096). Interestingly, elevated expression of let-7a-5p was beneficial for patients with lung adenocarcinoma (HR = 0.8, p = 0.022), while dysregulation of let-7a-5p did not affect the survival of lung squamous cell carcinoma (HR = 0.9, p = 0.725).

Furthermore, we investigated the relationship between BCL-xL and let-7a-5p using the genome-wide expression profiles normalized by log2(TPM + 1) ([Figures 1](#fig1){ref-type="fig"}I and 1J). For lung adenocarcinoma, the expression of BCL-xL was negatively correlated with the expression of let-7a-5p (correlation coefficient value −0.103, p value 0.0269). However, the correlation coefficient (−0.001) between BCL-xL and let-7a-5p was of no statistical significance in lung squamous cell carcinoma (p \< 0.001).

Dysregulation of BCL-xL/let-7a-5p Alters the Migration and Invasion of A549 Lung Cancer Cells {#sec2.2}
---------------------------------------------------------------------------------------------

To functionally investigate the biological activity of BCL-xL and let-7a-5p in lung adenocarcinoma, we altered the expressions of them via transfecting small hairpin RNA (shRNA)/pcDNA-BCL-xL plasmids or let-7a-5p mimics/inhibitors into A549 lung cancer cells, respectively. The migration of A549 lung cancer cells was found to be significantly decreased after inducing let-7a-5p mimics but elevated when transfecting with let-7a-5p inhibitors. Similarly, the downregulation of BCL-xL using shRNAs repressed A549 cell migration, but transfection of pcDNA-BCL-xL reversed the suppression caused by shRNAs. In comparison with the control group, the migration caused by either miRNA mimics/inhibitors or shRNA/pcDNA was significantly altered. Further, the invasion was found non-significantly changed in A549 cells treated with neither let-7a-5p mimics nor shRNA-BCL-xL plasmids but enhanced when cells were transfected with let-7a-5p inhibitors or pcDNA-BCL-xL plasmids ([Figure 2](#fig2){ref-type="fig"}). This observation confirmed that BCL-xL and let-7a-5p conversely acted in regulating the migration and invasion of A549 lung cancer cells.Figure 2Dysregulation of BCL-xL/let-7a-5p Alters the Migration and Invasion of A549 Lung Cancer Cells(A and B) Invasion and migration of A549 lung cancer cells transfected with let-7a-5p mimics or inhibitors (40×). (C and D) Invasion and migration of A549 lung cancer cells transfected with BCL-xL shRNA or BCL-xL pcDNAs (40×). (E--H) Quantitative analysis of (A)--(D). The migration and invasion of A549 lung cancer cells were enhanced in let-7a-5p inhibitor treated-cells, while the invasion was attenuated in cells treated with let-7a-5p mimics. For cells treated with sh-BCL2L1 or pc-BCL2L1, the invasion and migration were enhanced in pc-BCL2L1 group, but the invasion was attenuated in sh-BCL2L1 group. \*p \< 0.05 (one-way ANOVA, Bonferroni post hoc), error bars (standard error of mean).

let-7a-5p Directly Suppresses BCL-xL by Binding to Its 3′ UTRs {#sec2.3}
--------------------------------------------------------------

The interaction between BCL-xL and let-7a-5p was further investigated. Structurally, we showed the let-7a-5p binding site in the sequence of BCL-xL, in which the bases from the second to the seventh in the seed region of let-7a-5p could precisely bind to the sequence in the 3′ UTRs of BCL-xL ([Figure 3](#fig3){ref-type="fig"}A; [Figure S1](#mmc1){ref-type="supplementary-material"}). Based on the base-pairing structure, we developed the pmirGLO dual reporter luciferase vector containing the putative binding site as well as the mutant binding site of let-7a-5p, and we transfected them into A549 lung cancer cells, respectively. It was observed that the luciferase activity significantly reduced in A549 lung cancer cells co-transfected with pmirGLO-BCL-xL-UTR vectors and let-7a-5p mimics as compared to cells co-transfected with mutant vectors and let-7a-5p mimics. However, alteration of luciferase activity was found non-significantly changed when cells were transfected with the let-7a-5p negative control ([Figure 3](#fig3){ref-type="fig"}B). Moreover, we detected the expression of BCL-xL in A549 lung cancer cells, and the expression values of BCL-xL were normalized to the values of β-actin. For cells co-transfected with let-7a-5p mimics and pmirGLO-BCL-xL-UTR vectors, the expression of BCL-xL was considerably lower in comparing with cells co-transfected with let-7a-5p mimics and mutant vectors ([Figure 3](#fig3){ref-type="fig"}D). However, for cells transfected with let-7a-5p negative control, the expression of BCL-xL was similar as compared to cells transfected with vectors of pmirGLO-BCL-xL-UTR and mutant type ([Figure 3](#fig3){ref-type="fig"}D).Figure 3let-7a-5p Directly Targets and Inhibits BCL-xL(A) Potential binding site targeted by let-7a-5 in BCL-xL. (B) Luciferase reporter assays display the fold change of firefly luciferase activity in A549 lung cancer cells. Cells were pre-transfected with pmirGLO reporter plasmid containing wild-type or mutant BCL-xL-3′ UTR and then treated with let-7a-5p mimics or negative control. \*p \< 0.05 (pooled t test), error bars (standard error of mean). (C) Western blot gels of BCL-xL and β-actin. (D) Quantitative analysis of (C). The relative integrated density of BCL2L1 was upreguated in A549 cells transfected with let-7a-5p mutant type mimics as compared to the wide type cells, while there was no statistical significance between groups in cells transfected with negtive controls. The relative expression of BCL-xL was normalized to β-actin. \*p \< 0.05 (pooled t test), error bars (standard error of mean).

let-7a-5p Promotes A549 Lung Cancer Cell Death {#sec2.4}
----------------------------------------------

To investigate the effect of BCL-xL/let-7a-5p crosstalk on lung cancer cells, we examined the viability of A549 lung cancer cells. Using flow cytometry, we detected the cell death rate and apoptosis rate in A549 lung cancer cells ([Figure 4](#fig4){ref-type="fig"}A). It was found that the cell death rate increased in cells treated with let-7a-5p mimics but decreased in cells treated with let-7a-5p inhibitors, while the proportion of apoptotic A549 cells was found to be non-significantly altered among cells treated with let-7a-5p mimics or inhibitors as well as the untreated wild-type cells ([Figures 4](#fig4){ref-type="fig"}B and 4C). These data suggest that let-7a-5p induces apoptosis-independent cell death in A549 lung cancer cells.Figure 4Crosstalk of BCL-xL and let-7a-5p Induces Apoptosis-Independent A549 Cell Death(A) A549 cells treated with let-7a-5p mimics or inhibitors in flow cytometry. (B and C) Quantitative analysis of apoptotic and dead cells in (A). Comparing with the control group, the proportion of death cell in let-7a-5p mimic group or inhibitor group increased, and it was much higher in the inhibitor group. For apoptosis analysis of A549 cells with different treatments, there were no statistical significance found among different treatment groups. \*p \< 0.05 (pooled t test), error bars (standard error of mean). (D) Western blot gels of cleaved *caspase-1/3*, LC3-II, and β-actin. (E--G) Quantitative analysis of (D). The expression of cleaved *caspase-1/3* was found to be of non-significant changes among different groups. The expression of LC-II increased in let-7a-5p mimic group, while it was downregulated as compared to let-7a-5p inhibitor group. The relative expression of cleaved *caspase-1/3* and LC3-II was normalized to β-actin. \*p \< 0.05 (pooled t test), error bars (standard error of mean).

To identify the death pattern regulated by let-7a-5p, we detected the expressions of specific biomarkers related to different cell death categories. As has been suggested, caspase-1, caspase-3, and LC3-II were indicators for pyroptosis, apoptosis, and autophagy;[@bib30], [@bib31] we therefore quantified the expressions of them in A549 lung cancer cells ([Figures 4](#fig4){ref-type="fig"}D--4G). Consistent with the proportion of apoptotic cells detected by flow cytometry, the expressions of caspase-3 and caspase-1 were found to be non-significantly altered among cells treated with let-7a-5p mimics or inhibitors as well as wild-type controls, while the expression of LC3-II was significantly elevated in cells treated with let-7a-5p mimics but downregulated when repressing let-7a-5p in A549 lung cancer cells.

let-7a-5p Induces Toxic Autophagy via Suppressing BCL-xL, and the Downstream Signaling Cascade of BCL-xL Entails PI3K Signaling {#sec2.5}
-------------------------------------------------------------------------------------------------------------------------------

The morphological characteristics of A549 lung cancer cells were observed under the transmission electron microscope, and we found that cells treated with let-7a-5p mimics showed blurred cell contour and typical autophagosomes, in which undigested organelles were involved, but cells in the control group showed precise cell contour and fewer autophagosomes ([Figure 5](#fig5){ref-type="fig"}A). Furthermore, we investigated the mechanism of let-7a-5p promoting autophagy in A549 lung cancer cells. Given the crosstalk between let-7a-5p and BCL-xL and the putative mechanism reported in our previously published work,[@bib25] we detected the expression of genes at the downstream of BCL-xL in the PI3K-signaling pathway, including Beclin1, NRBF2, PIK3C3, and ATG5 ([Figures 5](#fig5){ref-type="fig"}B--5G). It was found that a high expression of let-7a-5p elevated the expressions of NRBF2, PIK3C3, and ATG5 as compared to the control group, while suppression of let-7a-5p inhibited the expressions of Beclin1, NRBF2, PIK3C3, and ATG5 compared with cells transfected with let-7a-5p mimics. These data suggested that autophagy in A549 lung cancer cells was induced by let-7a-5p and tightly associated with the PI3K-signaling pathway.Figure 5Upregulation of let-7a-5p Induces Toxic Autophagy and Initiates PI3K-Signaling Pathway in A549 Cells(A) Morphological characteristics of autophagosomes in A549 lung cancer cells under the transmission electron microscope. (B) Western blot gels of Beclin-1, NRBF2, PIK3C3, ATG5, and β-actin. (C--F) Quantitative analysis of western blot gels in (B). Comparing with the control group, the expressions of NRBF2, PIK3C3, and ATG5 in the mimic group were upregulated, while the expressions of Beclin-1, NRBF2, PIK3C3, and ATG5 in the inhibitor group was downregulated as compared to the mimic group. The relative expression of Beclin-1, NRBF2, PIK3C3, and ATG5 was normalized to β-actin. \*p \< 0.05 (pooled t test), error bars (standard error of mean). (G) Schematic representation of macroautophagy induced by the PI3K-signaling pathway.

Discussion {#sec3}
==========

As the most critical component of non-small-cell lung cancer, lung adenocarcinoma has been widely investigated in most recent years; however, there have been no effective treatment strategies. For most of the current studies concerning the etiology of lung adenocarcinoma, the A549 cell line provides an excellent model for the investigation of lung cancer and, therefore, is widely used.[@bib32], [@bib33], [@bib34] In this study, we demonstrated that the suppression of BCL-xL by let-7a-5p enhanced autophagy but repressed migration and invasion in A549 lung cancer cells, which was tightly associated with the activation of the PI3K-signaling pathway.

The expression pattern of BCL-xL/let-7a-5p in A549 lung cancer cells provided emerging evidence for the etiological study of lung cancer. We found that the expressions of BCL-xL and let-7a-5p were significantly elevated in lung adenocarcinoma compared with the healthy adjacent control, while there were no significant alterations between lung squamous cell carcinoma and the corresponding control, indicating that dysregulation of BCL-xL and let-7a-5p might only affect the pathogenesis of lung adenocarcinoma, but not lung squamous cell carcinoma. In line with studies previously published, the expression of BCL-xL was not correlated with keratinization, a specific morphologic characteristic that was generally used to indicate the poor clinical outcome of lung squamous cell carcinoma.[@bib35] On the other hand, inhibition of the Bcl-2 family of anti-apoptotic proteins caused a dose-dependent decrease of viability and clonogenicity in A549 lung cancer cells,[@bib36] and downregulation of BCL-xL expression by 25% using an aptamer-targeted BCL-xL shRNA delivery system induced 14% late apoptosis in A549 lung cancer cells.[@bib37]

In this study, we found that BCL-xL and let-7a-5p showed the opposite effect in deciding the survival of lung adenocarcinoma, while the survival of lung squamous cell carcinoma was not affected by them. Consistent with the expression patterns of BCL-xL and let-7a-5p, a high expression of BCL-xL was negatively correlated with the survival of lung adenocarcinoma, while a high expression of let-7a-5p prolonged the survival of the lung cancer. Maruoka et al.[@bib38] pointed out that the inhibition of BCL-xL using lemongrass essential oil resulted in the suppression of cancer cell proliferation and survival elevation in lung cancer. Pan-inhibition of BCL-xL protein family using sabutoclax was found to induce cell death and overcome drug resistance in breast cancer.[@bib39] Utilizing the expressions of miR-769-5p and let-7d-5p in lung cancer, Gasparini et al.[@bib40] generated a prognostic classifier that can predict overall survival of lung cancer patients. Besides, let-7 was also found collaborating with miR-34 to suppress non-small-cell lung cancer cell proliferation.[@bib41] However, the interaction between BCL-xL and let-7a-5p was seldom reported in lung cancer. Limited evidence suggests that let-7b inhibited the expression of BCL-xL in platelets[@bib42] and bioengineered let-7c inhibited orthotopic hepatocellular carcinoma via suppressing the expression of BCL-xL.[@bib43] Collectively, we may conclude that the expression of BCL-xL is negatively correlated with let-7a-5p and dysregulation of BCL-xL/let-7a-5p alters the survival of lung cancer, which is potentially associated with the pathogenesis of lung cancer.

Using the lung adenocarcinoma model constructed by the A549 cell line, we explored the role of BCL-xL and let-7a-5p on the migration and invasion of lung cancer cells *in vitro*. Interestingly, we found that the upregulation of BCL-xL or downregulation of let-7a-5p enhanced the migration and invasion of A549 lung cancer cells, which preliminarily confirmed the interaction between BCL-xL and let-7a-5p. Therefore, we adopted the dual-luciferase reporter assay to validate the hypothesis by inducing let-7a-5p putative binding sites or mutation in the 3′ UTR of BCL-xL in A549 lung cancer cells. As a result, the firefly luciferase activity decreased in cells with putative binding sites but was unchanged in cells with BCL-xL mutant phenotypes as compared to the wild-type control, and the expression of BCL-xL at the protein level further confirmed the hypothesis. Similarly, Liu et al.[@bib44] had reported that the upregulation of BCL-xL by TRIM59 might promote cell proliferation, invasion, migration, and cell cycle transition through the AKT-signaling pathway in breast cancer. Meanwhile, let-7 could act as a target of the competing endogenous RNA (ceRNA) HMGA2 in promoting lung cancer progression, where HMGA2 ceRNA activity promoted lung cancer growth, invasion, and dissemination,[@bib45] and let-7b/let-7c was found suppressing growth and invasion of lung cancer cells via repressing Cofilin-1 expression *in vitro* and *in vivo*.[@bib46] To the best of our knowledge, studies concerning the interaction between BCL-xL and let-7a-5p were limited, while data presented in this study provides evidence on the crosstalk between BCL-xL and let-7a-5p, and the biological activity of the crosstalk was further confirmed in aspects of migration and invasion in A549 lung cancer cells.

We also investigated the effect of BCL-xL/let-7a-5p crosstalk on the viability of A549 lung cancer cells, and we found that the dysregulation of let-7a-5p altered the cell death rate but did not change the cell apoptosis rate, which seemed to be that the cell death regulated by BCL-xL/let-7a-5p crosstalk was independent of the apoptosis-signaling pathway. To clarify the role of BCL-xL/let-7a-5p crosstalk in lung cancer cell death, we examined the expressions of caspase-1, caspase-3, and LC3-II, three specific biomarkers of pyroptosis, apoptosis, and autophagy, respectively. Consistent with the result of flow cytometry, the apoptosis represented by caspase-3 was not affected by let-7a-5p or BCL-xL, and a similar phenomenon was also found in pyroptosis detected using caspase-1. However, the expression of LC3-II changed with the alteration of let-7a-5p, indicating that BCL-xL/let-7a-5p crosstalk might induce lung cancer cell death through the autophagy-signaling pathway.

Recent studies also found the association between macroautophagy/autophagy and BCL-xL. For example, it was found that BCL-xL showed a high affinity toward the phosphorylated BECN1, a critical protein in the formation of autophagosomes, and the complex of BECN1-BCL-xL could block macroautophagy/autophagy.[@bib47], [@bib48] Alternatively, dissociation of BCL-xL with the phosphorylated BECN1 also suppressed the autophagy and resulted in metabolic stress.[@bib49] Moreover, we examined the downstream cascade of BCL-xL in the PI3K-signaling pathway, including Beclin1, NRBF2, PIK3C3, and ATG5, and we found that the suppression of BCL-xL activated those proteins and resulted in macroautophagy in A549 lung cancer cells. However, autophagy is widely known as an essential factor for cell proliferation, migration, and invasion, yet it was seldom reported that autophagy contributed to cell death.

Chen et al.[@bib50] found that enhanced autophagy contributed to the proliferation and metastasis of pancreatic ductal adenocarcinoma and could be repressed by UBL4A via targeting LAMP1. Similar studies also demonstrated that a deficiency of basal autophagy induced thyroid follicular epithelial cell death,[@bib51] and autophagy played seminal roles for cells to adapt abdominal microenvironment in metastatic ovarian cancer.[@bib52] Different from findings in these studies, Emdad et al.[@bib53] systematically and comprehensively provided the conception of toxic autophagy, where excessive autophagy could promote type II cell death. Autophagy might also be toxic to cancer cells when facing impaired autophagic degradation conditions, as reported by Tang and colleagues.[@bib54] Despite the evidence mentioned above, studies concerning the toxicity of autophagy are limited, while the toxic property of autophagy may be potentially used as a critical therapeutic strategy for cancers. Interestingly, data in this study provided the basis for lung cancer treatment through the toxic autophagy-signaling pathway.

To sum up, it could be stated that the crosstalk between BCL-xL and let-7a-5p regulates the toxic autophagy as well as its therapeutic potential in lung cancer. BCL-xL and let-7a-5p were found to be dysregulated in lung adenocarcinoma, which was also associated with the survival of lung cancer. Inspired by the negative correlation between BCL-xL and let-a7-5p, we demonstrated their crosstalk and confirmed its effect on migration and invasion in A549 lung cancer cells. Further, we also found that the crosstalk between BCL-xL and let-7a-5p activated the PI3K-signaling pathway and induced toxic autophagy-dependent cell death. This study provides insight into the employment of let-7a-5p as an effective therapy targeting BCL-xL for the better management of lung cancer in clinical settings in the future.

Materials and Methods {#sec4}
=====================

Clinical Samples {#sec4.1}
----------------

We included 969 lung cancer patients registered at TCGA and collected their high-throughput sequencing datasets of mRNAs and miRNAs via the online platform at <https://portal.gdc.cancer.gov/>. 483 of 969 subjects were diagnosed with lung adenocarcinoma, and the adjacent healthy tissues of 59 of 483 subjects were recruited as the control for precise comparison with lung adenocarcinoma tissues. 486 of 969 subjects were diagnosed with lung squamous cell carcinoma, and the adjacent healthy tissues of 50 of 486 subjects were recruited as the control for comparison with lung squamous cell carcinoma tissues. The baseline characteristics of all subjects, including age, gender, smoking history, and cancer stages, were recorded and compared between lung cancer and the control. This study has been approved by the review board of Shandong Maternal and Child Health Care Hospital.

Cell Line {#sec4.2}
---------

The lung adenocarcinoma cell line (A549) was purchased from the American Type Culture Collection (ATCC) and has been identified using short tandem polymorphism (STR) typing method. Cells were maintained in complete DMEM growth medium containing 10% fetal bovine serum, 100 μg/mL streptomycin, 100 U/mL penicillin, and 2 mM glutamine at 37°C in a humidified incubator with 5% CO~2~. Cells growing up to 80% confluence were rinsed using 0.25% (w/v) trypsin and passaged at the ratio of 1:3. Cell line experiments were carried out between 3 and 6 passages of revival.

Plasmid Design, Construction, and Transfection {#sec4.3}
----------------------------------------------

Plasmids of shRNA and pcDNA using to silence or overexpress BCL-xL were designed and constructed, respectively (Hanbio Biotechnology, Shanghai, China). The full length of BCL-xL cDNA was chemically synthesized and cloned into the artificial-pcDNA promoter-reporter module, which was used to express BCL-xL, and the empty pcDNA was transfected as control. Meanwhile, an anti-BCL-xL element constructed using shRNA was transfected into A549 lung cancer cells.

Synthesis and Transfection of let-7a-5p Mimics and Inhibitors {#sec4.4}
-------------------------------------------------------------

The mature sequences of let-7a-5p mimic (5′-UGAGGUAGUAGGUUGUAUAGUU-3′), inhibitor (5′-AACUAUACAACCUACUACCUCA-3′), and their related controls (mimic, 5′-UUCUCCGAACGUGUCACGUTT-3′; inhibitor, 5′-AGCUCCCAAGAGCCUAACCCGU-3′) were chemically synthesized, respectively (Sangon Biotech, Shanghai, China). 2 × 10^5^ A549 lung cancer cells were seeded in 12-well plates and maintained for 24 h before transfection. With the help of Lipo6000 (Beyotime, Shanghai, China), A549 lung cancer cells were transfected with the chemically synthesized mimics or inhibitors as well as their controls, respectively. Kept incubating for 18 h, cells were harvested, and the transfection efficiency was checked by detecting the relative expression of BCL-xL through PCR.

BCL-xL 3′ UTR Cloning and Dual-Luciferase Reporter Assay {#sec4.5}
--------------------------------------------------------

The 3′ UTR of BCL-xL containing putative target sites of let-7a-5p was amplified via PCR and cloned into pmirGLO-dual-luciferase vector. Also, the related sequence in 3′ UTR of BCL-xL was then mutated by the overlap PCR-based site-directed mutagenesis method. 1 × 10^6^ A549 lung cancer cells were seeded in a 6-well plate and starved for 2 h, and then cells were transfected with pmriGLO as well as control, respectively. After incubating for 48 h, A549 cells were harvested and subjected to the Dual-Luciferase Reporter Assay System for fluorescence detection and quantitative analysis.

Transwell Migration and Invasion Assay {#sec4.6}
--------------------------------------

For migration assay, 1 × 10^5^ A549 cells were resuspended in 150 μL serum-free DMEM and plated in the upper compartment of the 24-well transwell; the lower compartment of the transwell was filled with 500 μL 10% FBS containing complete DMEM. For invasion assay, we added 50 μL Matrigel of 2 μg/μL concentration into the upper compartment and incubated them for 3 h at 37°C in a humidified incubator with 5% CO~2~ to solidify the Matrigel. A549 cells were then suspended with serum-free DMEM and plated in the upper compartment of the transwell, and they were maintained in a standard 5% CO~2~ incubator for 20 h. Cells in the lower compartment were collected via centrifugation, and the number was counted using a blood corpuscle counting meter under an optical microscope.

Western Blot {#sec4.7}
------------

Protocols for western blot were as previously described.[@bib55] In brief, the total protein of A549 cells from different intervention groups was isolated and quantified. 20--40 μg total protein was resolved on SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes, followed by blocking the membrane for 2 h with fat-free milk, and then the membrane was incubated with the rabbit anti-human primary antibody of β-actin, BCL-xL, caspase-1, caspase-3, LC3-II, Beclin-1, NRBF2, PIK3C3, and ATG5 for 12 h at 4°C, respectively. Washing the protein-coated membrane with TBST 3 times, the membrane was then exposed to the secondary antibody for 2 h at room temperature. We repeated the washing procedure and subjected the membrane to Fluro Chem HD2Gel imaging system for signal detection.

Cell Flow Cytometry {#sec4.8}
-------------------

A549 cells from different invention groups were digested and collected using 0.25% trypsin, followed by termination with complete medium, and then cells were centrifuged at 400 × *g* for 3 min, the supernatant was discarded, and the cell pellet at the bottom of the centrifuge tube was resuspended in PBS. 2 μL Annexin V Alexa Fluor488 was added following incubation for 15 min; 1 μL propidine iodide (PI) was then added to cells. Apoptotic cells and dead cells were measured using Accuri C6 flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

Transmission Electron Microscopy {#sec4.9}
--------------------------------

According to protocols described above, A549 cells were harvested and fixed in the reagent composed of 2.5% glutaraldehyde and 0.1 M cacodylate buffer (pH 7.4) for 2 h. Then the pre-fixed cells were washed with PBS and post-fixed in 2% osmium tetroxide, followed by aspiration of the osmium tetroxide, and the cell pellet at the bottom of centrifuge tube was embedded in Epon resin and subjected to transmission electron microscopy at 80 kV voltage for ultrastructure observation.

Statistical Analysis {#sec4.10}
--------------------

SAS version 9.2 was used for statistical assessment. Data were presented as mean ± SD for parametric data with normalized distribution and median (range) for non-parametric data. Pearson correlation analysis was adopted to determine the correlation between BCL-xL and let-7a-5p in lung adenocarcinoma. Kaplan-Meier survival analysis was used to assess the effect of BCL-Xl/let-7a-5p on the survival of lung cancer. Limma test was used to compare the genome-wide expression differences between lung cancer and the control. Pooled variance t test was applied to analyze differences between groups for parametric data. A p value less than 0.05 was considered statistically significant.
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